Accurate registration is crucial for medical image analysis. In this letter, we proposed an improved Demons technique (IDT) for medical image registration. The IDT improves registration quality using orthogonal gradient information. The advantage of the proposed IDT is assessed using 14 medical image pairs. Experimental results show that the proposed technique provides about 8% improvement over existing Demons-based techniques in terms of registration accuracy. key words: medical image processing, image registration, optical flow, demons algorithm
Introduction
Image registration is an important technique to find a deformation field that aligns an source image I s with a target image I t . The deformation field defines how each pixel in image I s gets mapped to the space of image I t . In medical applications, registration technique is very important for images collected at different times or using different imaging modalities. Several intensity-based techniques have been proposed for medical image registration. Free-form deformation is a popular technique, where control points are defined in a grid overlaid on the image, and techniques differ on the way the intermediate points are interpolated from the control points [1] . Thirion [2] proposed Demons technique (DT) which is very efficient for medical image registration. The schematic of the DT is shown in Fig. 1 , where I s (x 0 ) and I t (x 0 ) are initial intensity of images. Note that x denotes the 2-D coodinate (x, y), and I s (x n ) is the nth updated version of image I s (x 0 ). The basic idea of DT is to make I t fixed, and move every pixel in I s iteratively guided by the deformation force (DF) until the difference between I s and I t reaches a minimal value.
Recently, Wang et al [3] proposed the symmetric Demons technique (SDT) to improve the convergence speed. Both DT and SDT techniques estimate the displacement for every pixel in the image based on the gradient information (GI). The DT and SDT are efficient if the deformation is in the direction of gradient. However, if the ground truth deformation is not parallel to the direction of the gradient, the DT and SDT cannot provide good performance. In this letter, we propose an improved Demons technique (IDT) which provides superior performance compared to the SDT by incorporating the orthogonal gradient information (OGI).
Improved Demons Force Calculation
Originally, the DF at location x is calculated as follows [2] :
where I s (x) and I t (x) are the intensity at location x in images I s and I t , respectively, ∇I t (x) is the gradient of the target image I t at x. In SDT the DF is calculated in a symmetric way, and is defined as follows [3] :
where f s (x) is the symmetric term contributed by I s and is defined as follows.
In order to obtain better registration result, in this letter, we propose to calculate the DF using symmetric GI and OGI. The rationale behind using the OGI is explained below. Note that the DF used in the DT is inspired from optical flow constraint [4] which is defined as follows:
The gradient, ∇I t (x), of image I t at x, and velocity v(x) can be expressed as follows:
Copyright c 2010 The Institute of Electronics, Information and Communication Engineers Note that Eq. 4 is a single linear equation with two unknown components (v 1 and v 2 ) of v(x). It is clear that only the projection of v on ∇I t (x) is obtained and hence optical flow constraint on v is not enough to determine completely [4] . Usually, additional constraint or local information which can provide the OGI is applied to determine the unique solution. One constraint named continuity constraint is to assume that the motions of neighboring pixels or patches are nearly equal. We can then determine the unique solution of v by providing two or more equation under the continuity constraint.
In the DT, optical flow constraint is adopted in order to estimate the deformation field for every pixel in an iterative manner. The velocity v(x) in Eq. 4 corresponds to the DF f t (x) in Eq. 1. It is observed in Eq. 1 and Eq. 2 that the direction of the DF is only decided by the gradient of the intensity. It indicates that only the information projected on the direction of gradient is determined, and we loose the information orthogonal to the gradient of intensity. Therefore, we expect that if we consider the OGI in the DF calculation, then the registration quality would be better. The proposed schematic of the DF calculation has three steps, as shown in Fig. 2 , and explained below.
(1) Calculate the symmetric GI using Eq. 2.
(2) Calculate the symmetric OGI. We use unit vector O(x) to represent the direction of the OGI as follows:
where the denominator is the norm of the gradient, and ε is used for regularization (normally ε = 0.001). We assume that the curvature is a reliable feature in image pairs which provide local corresponding information, and cornerlike image feature, i.e. high curvature feature would help for accurate matching of corresponding points. Hence, we use curvature as the magnitude of the OGI. The 2D discrete mean curvature is defined as follows [5] :
In order to improve the convergence speed, we calculate the OGI in symmetric way. The OGI is defined as follows:
where O t (x) and O s (x) are the orthogonal gradient unit vector of I t (x) and I s (x); k t (x) and k s (x) are the curvature of I t (x) and I s (x), respectively. (3) Combine the symmetric GI f sg (x) and symmetric OGI f so (x). The proposed DF for the nth iteration is calculated as follows:
The effectiveness of Eq. 10 in calculating the DF is experimentally demonstrated in Fig. 3 . Figure 3 (a) shows a binary image(I s ) with 11x11 pixels, where the dark pixels are shown as black rectangles. The image I s was deformed by the ground truth DF (shown in Fig. 3 (b) ), and hence we have the deformed image I t (shown in Fig. 3 (c) ). Our goal is to estimate the DF which caused the deformation in I t (shown in Fig. 3 (c) ). The DF obtained using Eq. 2 and Eq. 10 are shown in Fig. 3 (d) and Fig. 3 (e) , respectively. It is clear that the DF in Fig. 3 (e) is closer to the ground truth (shown in Fig. 3 (b) ). In other words, the proposed DF obtained using Eq. 10 can provide a more accurate registration compared to the DF in DT and SDT techniques.
The Overall Proposed Technique
Like the DT and SDT, the proposed IDT also has four steps. The difference is primarily in the calculation of the DF. The schematic of the IDT is shown in Fig. 1 and are explained below.
(1) Calculate the DF using Eq. 10.
(2) Update I s (x n ) and overall estimated DF f a (x n ). After the DF is calculated, the source image I s is warped as follows:
where G σ is a Gaussian smoothing filter for regularization. The overall estimated DF f a (·) is initialized as 0, and is then updated at every iteration as follows: 
(3) Mean square of difference (MSD) is preferred in this letter as the difference measure, which is defined as follows:
(4) At every iteration, it is determined if the MSD has reached a minimal value. If a minimal value has been reached, then I s (x n ) will be the final registered image, and f a (x n ) will be the final estimated DF. Otherwise, repeat step (1) to (4) with I s (x n ) and I t (x 0 ).
Evaluations
We now present the performance of the proposed technique, and compare it with the DT [2] and SDT [3] . A set of 14 medical image pairs (different modalities and structures) are used as our testing data set. All the image pairs are monomodality cases, and the intensity of image is scaled to the range [0, 255] . The sizes of the image pairs range from 198x197 pixels to 442x429 pixels. The registration quality is evaluated using the MSD (defined in Eq. 13). A large MSD value corresponds to a large difference between image pair. In an ideal case, where two images are perfectly registered, the MSD is equal to 0.
The performance comparison of the proposed technique with the DT and SDT is shown in Table 1 . The first column of the table presents the name of the image pair. The second, third and fourth columns show the MSD value obtained using no registration technique, SDT and IDT, respectively. The last two columns show the improvement of the proposed IDT with respect to DT(P DT )and SDT(P S DT ). Note that, in terms of registration accuracy, the proposed technique provides 27.75% and 7.96% improvement over DT and SDT, respectively.
For the visual evaluation, we consider the image pairs MRIT1Brain1 and CTNecknodal [3] as the examples to compare the registration result obtained using the SDT and IDT. The results are shown in Fig. 4 . Note that Fig. 4 (a) , (e) and (b), (f) are source and target images, respectively. , obtained using the SDT and IDT, respectively. It is noted that there are artifacts, which are highlighted using rectangular boxes, in both cases of the I S DT r . These artifacts have been caused because the corresponding areas undergo a serious deformation and the DF in SDT, which uses only GI, cannot correctly move all the pixels in the area toward the target area in I t . In contrast, the DF in IDT successfully moves the pixels and preserves all image features very well (shown in (Fig. 4 (d) and (i) ).
Conclusion
In this letter, we proposed an improved Demons technique which combined symmetric gradient information with the OGI to obtain a more accurate displacement field calculation. Experimental results with medical images show that the proposed technique provides a significantly better registration performance than existing Demons-based techniques.
